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DOI 10.1016/j.cmet.2011.05.010SUMMARY and somatic maintenance are antagonistically related remainReducing protein synthesis slows growth and devel-
opment but can increase adult life span. We demon-
strate that knockdown of eukaryotic translation
initiation factor 4G (eIF4G), which is downregulated
during starvation and dauer state, results in differen-
tial translation of genes important for growth and
longevity inC. elegans. Genome-widemRNA transla-
tion state analysis showed that inhibition of IFG-1,
the C. elegans ortholog of eIF4G, results in a relative
increase in ribosomal loading and translation of
stress response genes. Some of these genes are
required for life span extension when IFG-1 is in-
hibited. Furthermore, enhanced ribosomal loading
of certain mRNAs upon IFG-1 inhibition was corre-
lated with increased mRNA length. This association
was supported by changes in the proteome assayed
via quantitative mass spectrometry. Our results
suggest that IFG-1 mediates the antagonistic effects
on growth and somatic maintenance by regulating
mRNA translation of particular mRNAs based, in
part, on transcript length.
INTRODUCTION
Protein synthesis is a regulated cellular process that plays a key
role in keeping organismal growth and development in tune with
environmental conditions (Sonenberg et al., 2000). In multiple
species, genetic or dietary restriction-induced inhibition of
protein synthesis slows growth but enhances life span (Synti-
chaki et al., 2007, Curran and Ruvkun, 2007, Pan et al., 2007,
Hansen et al., 2007, Henderson et al., 2006, Steffen et al.,
2008, Miller et al., 2005, Richie et al., 1994, Orentreich et al.,
1993, Chen et al., 2007). Furthermore, screens for genes that
reduce early fitness for life span extension in adults yielded
a number of longevity genes, especially those involved in protein
synthesis (Chen et al., 2007, Curran and Ruvkun, 2007). These
results support the antagonistic pleiotropy theory of aging (Ka-
pahi et al., 2010). However, the mechanisms by which growthpoorly understood. One possible mechanism for the antago-
nistic effects may lie in the differential mRNA translation effects
of genetic and environmental perturbations that extend life span.
It was previously shown that differential mRNA translation is
crucial during cellular responses to environmental stressors (So-
nenberg et al., 2000, Sonenberg and Hinnebusch, 2007). During
starvation, themRNA of the yeast transcriptional regulator GCN4
is translated more efficiently due to an increase in translation
initiation, though the overall rate of protein synthesis decreases
under these conditions compared towell-fed conditions (Tzama-
rias et al., 1989, Hinnebusch, 2005). Its translation is enhanced
due to the presence of short upstream open reading frames
(ORFs) in the 50UTR, which under well-fed conditions inhibit
translation. This increase in translation is also important for slow-
ing aging in S. cerevisiae. Increased GCN4 mRNA translation
upon reduced 60S subunit abundance and upon glucose
restriction partially mediates life span extension under these
conditions (Steffen et al., 2008). Differential mRNA translation
of various mRNAs was also observed upon dietary restriction
as measured by genome-wide mRNA translation state analysis
in D. melanogaster (Zid et al., 2009). Although dietary restriction
decreased overall protein synthesis, a subset of nuclear-
encoded mitochondrial subunits from complexes I and IV
showed enhanced translation and were necessary for maximal
life span extension under dietary restriction (Zid et al., 2009).
These studies demonstrate the importance of taking into
account the changes in mRNA translation state to understand
the mechanisms that modulate stress responses and aging.
eIF4G acts as a scaffold for the highly conserved eIF4F cap-
binding complex that mediates cap-dependent translation initia-
tion. It connects eIF4E, which binds the 50 methylated cap, to
poly-A binding protein (PABP), which associates with the poly-A
tail, resulting in the circularization of mRNAs. eIF4G then recruits
the 40S ribosomal subunit via its interaction with eIF3 (Hershey
and Merrick, 2000). Inhibition of eIF4G, encoded by ifg-1 in
C. elegans, results in decreased translation (Hansen et al.,
2007, Pan et al., 2007) and a robust increase in life span (Hansen
et al., 2007, Henderson et al., 2006, Pan et al., 2007, Curran and
Ruvkun, 2007). We and others have shown that RNAi-mediated
suppression of ifg-1 results in larval arrest during development
(Pan et al., 2007, Long et al., 2002), but extends life span (Curran
and Ruvkun, 2007, Hansen et al., 2007, Henderson et al., 2006,Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc. 55
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et al., 2007) if inhibited just during adulthood.
Increased resistance to certain stresses is also observed in
other life span extension models, including insulin-like signaling
(ILS) inhibition (Kenyon et al., 1993, Lithgow et al., 1994, Mura-
kami and Johnson, 1996, Honda and Honda, 1999). Enhanced
life span in this pathway is dependent upon activation of the
FOXO transcription factor DAF-16. We previously showed that
ifg-1 RNAi results in a small but reproducible extension of life
span in a daf-16(mu86) null mutant (Pan et al., 2007), although
another study did not observe the life span extension in this
background (Hansen et al., 2007). These differences are likely
to be the result of differences in the efficacy of ifg-1 RNAi, as
both studies were done using daf-16(mu86). Additionally, a third
study suggested that life span extension by inhibition of ifg-1
RNAi was DAF-16-independent if administered during develop-
ment and DAF-16-dependent if administered during adulthood,
although this study used a loss-of-function daf-16(m26) mutant
rather than a null mutant (Henderson et al., 2006). Support for
ifg-1 interacting in parallel to the ILS pathway also comes from
the observation that inhibition of ifg-1 in daf-2 mutants leads to
additive life span extension, though it is possible that this addi-
tive life span extension may be due to further inhibition of daf-2
upon reduction of ifg-1, as these were not null mutants. Thus,
the mechanisms by which inhibition of ifg-1 extends life span
and how it interacts with other longevity pathways remains
poorly understood.
In this study, we investigated the mechanisms by which inhibi-
tion of ifg-1 extends life span using a genome-wide approach to
study mRNA translation state (Arava, 2003, Zong et al., 1999,
MacKay et al., 2004). Using translational profiling, we observed
that ifg-1 inhibition results in significant differential changes in
ribosome loading onto mRNA. Although translation was globally
reduced, expression of certain longer-than-average mRNA-
regulating stress responses and enhanced longevity was prefer-
entially maintained relative to other mRNA. Inhibiting expression
of some of these genes abrogated the enhanced life span and
stress resistance when ifg-1 was reduced. A reduction of
IFG-1 protein was observed upon dauer state (Bonawitz et al.,
2007) and starvation, suggesting its role in adaptation under
these conditions by inhibiting growth and enhancing somatic
maintenance. Our data support the hypothesis that IFG-1 acts
as a switch to mediate antagonistically pleiotropic effects
between growth and somatic maintenance through differential
mRNA translation.
RESULTS
Differential Regulation of Translation Occurs upon
Inhibition of ifg-1
To determine whether gene expression is differentially regulated
depending on ifg-1 expression, we performed translation state
array analysis (TSAA) (Arava, 2003, Zong et al., 1999, MacKay
et al., 2004, Rajasekhar et al., 2003, Trutschl et al., 2005, Dinkova
et al., 2005). This method quantifies ribosomal loading of indi-
vidual mRNAs. Since initiation is the rate-limiting step of transla-
tion, mRNA ribosomal density indicates the rate of translation.
Wild-type N2 animals on day one of adulthood were fed bacteria
expressing control (L4440) or ifg-1 dsRNA for 48 hr. RNAi was56 Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc.used because it shows a greater life span extension than the
loss-of-function mutant ifg-1(cxTi9279). Changes in the distribu-
tion of ribosomes upon treatment with ifg-1RNAi were quantified
and showed an increase in free ribosomes (monosomes), indic-
ative of reduced translation initiation (Figure S1). Differential
mRNA translation was determined by changes in the translation
index (TI)—the ratio of expression of mRNA for a particular gene
in the highly translated mRNA fraction (defined as >5 ribosomes/
transcript) to its expression in the low translation fraction (%5
ribosomes/transcript) (Figure S2). TI values were calculated via
microarray analysis, and differences in the translation status
were plotted for all genes on the array (Figure 1A, left panel).
The y axis represents the log ratio of gene expression in the
high translation fraction for ifg-1 versus control RNAi, while the
x axis represents the same, but for the low translation fraction.
Genes plotted along the solid diagonal line exhibit equally
changed high and low translation fractions and are thus
unchanged with respect to ribosomal loading. Those plotted
orthogonal to the solid line, along the dashed red line, reflect
a change in TI and are thus differentially translated. Of 18,870
genes tested (C. elegans genome contains 20,000 genes)
and using a false discovery rate (FDR) < 0.05 (see Experimental
Procedures), we found 722 genes that were differentially trans-
lated, including 412 exhibiting increased TI and 310 with
decreased TI (i.e., a relative increased or decreased propensity
for translation initiation, respectively) (Figure 1A, right panel).
Gene ontological (GO) enrichment analysis identified
numerous overrepresented biological processes among genes
with significantly altered TI (Table S1). To simplify this list, we
performed clustered image mapping (Weinstein et al., 1997),
which takes overrepresented GO categories and clusters them
with differentially translated genes they have in common (Fig-
ure 1B). Red and blue colors indicate upregulation and downre-
gulation, respectively. The large red box in the lower left corner of
Figure 1B shows 13 overrepresented categories on the x axis (in
bold in Table S1) associated with 38 differentially translated
genes on the y axis. The largest GO category in this group was
the ‘‘response to stress’’ class which overlapped with two other
overrepresented categories: cellular homeostasis and aging
(Figure 1C) (full stress response gene list includes 51 genes
described in Table S2). To test the level of coregulation among
differentially translated genes, we performed cluster analysis of
the 722 differentially regulated genes. Most differentially trans-
lated stress response genes were upregulated and represented
in the highly coregulated subcluster outlined by the dashed
box in Figure 1D. Although previously identified aging-related
genes in C. elegans are usually negative regulators of life span,
16 of 17 of those found in the highly coregulated subcluster in
Figure 1D have either been shown or are inferred to positively
regulate life span. Furthermore, 14 of these were translationally
upregulated (Table S3). Thus, reduced ifg-1 expression results
in preferential maintenance of certain genes, which may help
explain its associated phenotypes of extended life span and
resistance to starvation stress.
Certain Differentially Translated GenesMediate the Life
Span Extension upon ifg-1 Inhibition
We analyzed 40 highly coregulated differentially translated
stress response genes from Table S2 showing upregulation
Biological process
P = 1
(431 of 8179)
Response to stimulus
(125 of 1666)
Response to stress
P < 1.3 X 10-8
(50 of 413)
Regulation of biological
quality
(31 of 277)
Developmental process
(242 of 3260)
Aging
P < 3.17 X 10-3
(17 of 169)
Homeostatic process
P < 7.22 X 10-5
(28 of 250)
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Figure 1. Inhibition of ifg-1 Differentially Regulates Gene Expression at the Level of Translation
(A) Genome-wide comparison of relative expression in low (L) versus high (H) translation fractions (left panel). Coordinates correspond to the log2 of the ratio of
gene expression between conditions (ifg-1 RNAi: control RNAi) for the translated fractions. The right panel shows the relative expression in low (L) versus high (H)
translation fractions for genes selected on the basis of significantly altered TI.
(B) Cluster image map of genes with altered TI versus their inclusion among overrepresented GO categories. Red indicates upregulation when ifg-1 is inhibited,
and blue indicates downregulation. The plot represents 250 genes with altered TI present at the greatest frequency among the 100 most significantly over-
represented GO categories.
(C) Overrepresented biological GO categories showing the number of genes in each category and the statistical significance. The p value indicates significantly
overrepresented categories in yellow, while orange boxes indicate the parent terms (i.e., the ontological lineage). A total of 8179 geneswere taggedwithGO terms
falling under the heading of ‘‘Biological process.’’
(D) Cluster analysis of TI genes, representing the level of coregulation for each gene with every other gene (722 plotted along both the x axis and y axis). Red,
yellow, green, blue, and purple colors indicate high-to-low level of coregulation among genes with significantly altered TI, respectively.
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determine their biological significance with respect to life span
in the ifg-1(cxTi9279) background or upon RNAi of ifg-1.
Reduced expression of eight genes including sca-1, unc-70,
let-711, fasn-1, mdt-15, chc-1, daf-16, and aak-2 suppressed
life span upon ifg-1 inhibition (Figures 2A–2H), which was consis-
tent with their expression pattern. RNAi clone identities were
confirmed by DNA sequencing, and the RNAi-mediated knock-
down of targeted genes was confirmed by qRT-PCR (Figure S3).
Our analysis showed that two genes, sca-1 andmdt-15, were
essential for life span extension. On average, ifg-1mutants lived
22.6% longer than N2 on control RNAi. Life span in the ifg-1
mutant was reduced to less than control animals when sca-1
was inhibited using RNAi (Figure 2A). This gene encodes
a sarco-endoplasmic reticulum calcium-dependent ATPase
that helps regulate calcium homeostasis and is required for
development and muscle function. The human ortholog is asso-
ciated with Darier-White disease, and a 50% reduction in molec-
ular activity is found in patients with Brody myopathy (Benders
et al., 1994).mdt-15 encodes a subunit of the mediator complex
that acts as a coactivator of transcription. Reducing mdt-15
expression shortened the life span of the ifg-1 mutant to that ofthe control animals (Figure 2E). It was previously reported that
mdt-15 is necessary for normal life span (Taubert et al., 2006)
and mediates expression of metabolic genes under normal and
starvation conditions (Taubert et al., 2008). Here, we observe
that mdt-15 is also necessary for life span extension when
ifg-1 is inhibited.
Expression of unc-70, fasn-1, and chc-1 also contributed to
the life span extension upon inhibiting ifg-1 (Figures 2B–2D
and 2F). unc-70 encodes b-spectrin, a major component of the
plasma membrane important for cell polarity and localization of
a-spectrin (Hammarlund et al., 2000). Inhibition of unc-70
reduced life span to a greater extent in ifg-1 mutants than in
N2 (12.8% reduction in ifg-1 compared to 6.4% in N2) (Fig-
ure 2B). fasn-1 encodes a putative fatty acid synthase ortholo-
gous to human FASN (fatty acid synthase) that supports
synthesis of membrane lipids (D’Erchia et al., 2006). RNAi of
fasn-1 reduced life span in the ifg-1 background by 19.3%
compared to 7.2% in wild-type (Figure 2D). chc-1 (clathrin heavy
chain) encodes the heavy chain of the vesicle coat protein
clathrin and is important for receptor-mediated yolk endocytosis
(Grant and Hirsh, 1999). RNAi of this gene reduced ifg-1 life span
by 12.9% and only by 7.1% in N2 (Figure 2F). Results suggestCell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc. 57
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Figure 2. Translationally Upregulated Stress Response Genes Are Important for Life Span Extension upon ifg-1 Inhibition
(A) Mean life span for the ifg-1(cxTi9279)mutant was 29.0 days (n = 110) on control RNAi; 16.1 days (n = 69) on sca-1RNAi (p < 0.0001). Mean life span for N2 was
23.6 days (n = 274) on control RNAi; 21.4 days (n = 143) on sca-1 RNAi (p < 0.0001).
(B) Mean life span for the ifg-1(cxTi9279)mutant was 29.0 days (n = 110) on control RNAi; 25.3 days (n = 106) on unc-70 RNAi (p < 0.0001). Mean life span for N2
was 23.6 days (n = 274) on control RNAi; 22.1 days (n = 142) on unc-70 RNAi (p < 0.0001).
(C) Mean life span for the ifg-1(cxTi9279)mutant was 28.3 days (n = 107) on control RNAi; 19.8 days (n = 119) on let-711 RNAi (p < 0.0001). Mean life span for N2
was 22.9 days (n = 140) on control RNAi; 15.3 days (n = 160) on let-711 RNAi (p < 0.0001).
(D) Mean life span for the ifg-1(cxTi9279) mutant was 29.0 days (n = 110) on control RNAi; 23.4 days (n = 132) on fasn-1 RNAi (p < 0.0001). Mean life span for
N2 was 23.6 days (n = 274) on control RNAi; 21.9 days (n = 232) on fasn-1 RNAi (p < 0.0001).
(E) Mean life span for the ifg-1(cxTi9279)mutant was 27.2 days (n = 73) on control RNAi; 18.5 days (n = 119) onmdt-15RNAi (p < 0.0001). Mean life span for N2was
22.6 days (n = 144) on control RNAi; 17.7 days (n = 160) on mdt-15 RNAi (p < 0.0001).
(F) Mean life span for the ifg-1(cxTi9279) mutant was 27.2 days (n = 73) on control RNAi; 23.7 days (n = 112) on chc-1 RNAi (p < 0.0001). Mean life span for N2
was 22.6 days (n = 144) on control RNAi; 21.0 days (n = 83) on chc-1 RNAi (p < 0.0001).
(G) Mean life span for the aak-2 (ok524) mutant on control RNAi was 15.7 days (n = 72); 17.3 days (n = 61) on ifg-1 RNAi (p = 0.0014). Mean life span for N2 was
19.7 days (n = 81) on control RNAi; 24.8 days (n = 80) on ifg-1 RNAi (p < 0.0001).
(H) Mean life span for the daf-16 (mu86) mutant on control RNAi was 15.6 days (n = 126); 16.9 days (n = 137) on ifg-1 RNAi (p < 0.0001). Mean life span for N2 was
25.4 days (n = 98) on control RNAi; 28.7 days (n = 98) on ifg-1 RNAi (p < 0.0001).
(I) Life span pathway dependence on stress response genes was determined for ifg-1, rsks-1, daf-2, isp-1, eat-2, daf-16, and aak-2mutants. Results are given as
the percent change in life span for each RNAi treatment (corresponding to Table S4). All life spans were repeated at least one time. Complete statistical analysis
can be found in Table S4.
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iting ifg-1 upon knocking down unc-70, fasn-1, and chc-1. RNAi
of let-711, originally identified based on defective mitotic spindle
positioning and later characterized as a negative regulator of
zyg-9 (DeBella et al., 2006), resulted in a 30.0% reduction in
life span of ifg-1 animals compared to 33.2% in N2 (Figure 2C),
suggesting a more general role in normal life span.58 Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc.aak-2, which encodes the catalytic subunit of AMP-activated
protein kinase (Apfeld et al., 2004), was differentially upregulated
and, thus, investigated for its importance in life span extension
when ifg-1 is inhibited. The effects of aak-2 RNAi were minimal,
possibly due to a lack of RNAi penetrance. RNAi of ifg-1 resulted
in a 10.2% extension in life span in the aak-2(ok524) null mutant
compared to control RNAi (Figure 2G). daf-16, which encodes
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through the ILS pathway (Kimura et al., 1997, Lin et al., 1997),
was also differentially upregulated under ifg-1 inhibition. Inhibi-
tion of ifg-1 using RNAi was able to induce a small but consistent
life spanextension in adaf-16(mu86)null background (8.3%) (Fig-
ure 2H). Together, these experiments suggest a partial depen-
denceonaak-2anddaf-16 for enhanced longevity upon inhibition
of ifg-1 and, furthermore, that this life span extension ismediated
by the combined effects of longevity and stress response genes
that are differentially regulated under this condition.
We wondered whether the stress response genes important
for life span when ifg-1 is inhibited, particularly sca-1 and
mdt-15, would also be critical in other genetic models of
longevity. Figure 2I shows the relative life span in various mutant
backgrounds under different RNAi conditions. In addition to the
stress response genes, we also included effects of RNAi-medi-
ated suppression of daf-2 and ifg-1 for each background. The
life span results and the statistics can be found in Table S4.
Neither mdt-15 nor sca-1 was essential for the life span exten-
sion in a daf-2 (e1370) mutant. Life span was decreased by
20.2% and 39.9% in daf-2(e1370) upon RNAi of sca-1 and
mdt-15, respectively (Table S4). However, when compared
with N2 on these treatments, the daf-2(e1370) mutant main-
tained 68.6% of its relative ability to extend life span upon
sca-1 inhibition and 54.6% of its life span benefit upon mdt-15
inhibition. Similarly, inhibition of sca-1 or mdt-15 only partially
reduced life span extension in another model of extended life
span involving translational attenuation,in which the ribosomal
S6 kinase gene, rsks-1 (Pan et al., 2007), is knocked out (Fig-
ure 2I). Interestingly, mtd-15 RNAi had a comparable effect in
an eat-2(ad1116) mutant, a genetic model of dietary restriction
(Hansen et al., 2007), to that of the ifg-1 mutant, reducing life
span in that background to wild-type levels (Figure 2I). sca-1
RNAi also dramatically reduced life span in the eat-2 mutant
(33.4% overall reduction, corresponding to only 9.3% life span
benefit relative to N2 on this treatment) (Figure 2I). Thus, life
span extension through ifg-1 inhibition or dietary restriction
may result from partially overlapping mechanisms. Attenuation
of sca-1 or mdt-15 had a small effect in a genetic model of
enhanced longevity involving mitochondrial dysfunction,
isp-1(qm150) (Feng et al., 2001) (Figure 2I). Interestingly, expres-
sion of fasn-1 was crucial for the life span extension in the
rsks-1(ok1255) mutant (Figure 2I), which is different from the
ifg-1 background, where its reduction results in an incomplete
suppression of the life span extension. With the exception of
fasn-1, the genes tested here tended to be more specific for
life span extension upon ifg-1 inhibition than in other genetic
models for enhanced longevity.
High-Resolution Translation Profiling Corroborates
Translational Efficiency Measured by the TI
To better resolve the altered distribution of stress response
mRNA given by the TI, high-resolution profiling experiments
were conducted by separating polysomes into six fractions.
The first fraction contains mRNAs with few attached ribosomes
and represents a low rate of translation. Each subsequent frac-
tion contains more attached ribosomes and thus represents
a higher rate of translation on a per transcript basis. Figure 3
showsacharacteristic translationprofile of nematodesoncontrolRNAi (gray line) overlaidwith aprofile of thoseon ifg-1RNAi (black
line with red highlight). As in earlier experiments, when ifg-1 is in-
hibited for 48 hr during early adulthood, low mRNA translation is
reflected in the reduced area under the polyribosome portion of
the translation profile. Below the profile are average gene-
specific expression ratios (ifg-1: control) across fractions from
three experiments performed. The expression profile for sca-1
indicates apeak in thedifferenceof expression in translation frac-
tion 5, which is the peak of the high translation range. Overall,
stress response gene expression showed an upward trend
from low to high translation fractions, supporting estimates of
changes in translation from TI values. Four genes, including
rsp-1 and T19B4.5 (Figure 3), as well as daf-21 and ketn-1 (Fig-
ure S4), were included for comparison as examples of genes
with significantly diminished TI under ifg-1 inhibition. In total,
high-resolution translation profiles for ten genes, six with
increased TI and four with diminished TI, were analyzed in three
separate experiments. The trends in the high-resolution profiling
were generallywellmatchedwith their respective TI values for the
majority of genes tested (Figure 3), except for chc-1 (Figure S4).
IFG-1 Is Downregulated under Nutrient-Limitation
Conditions and Modulates Survival under Starvation
Enhanced resistance to various stressors is often observed in
long-lived mutants, supporting the idea that increased somatic
maintenance can prolong life span. Inhibition of ifg-1 results in
enhanced survival upon starvation (Pan et al., 2007). We tested
whether the stress response genes important for life span are
also required for the increased survival under starvation in the
ifg-1mutant. RNAi suppression of tested stress response genes
diminished the survival upon starvation in ifg-1mutant (Figure 4A
and Table S5), whereas the effects in the control strain were
generally either small or nonexistent except formdt-15 (Figure 4B
and Table S5). Given the enhanced survival upon starvation of
ifg-1 mutant animals, we examined whether wild-type animals
modulate IFG-1 levels during starvation in order to enhance
somatic maintenance. IFG-1 levels were measured in starved
wild-type N2worms, using antibodies raised against IFG-1 (Con-
treras et al., 2008). IFG-1 was reduced in worms starved for
2 days (Figures 4C and 4D), with even lower levels by day three
(Figure S5). We previously demonstrated that ifg-1 transcript
levels are significantly decreased under dauer conditions (Pan
et al., 2007). Hence, the observations that IFG-1 levels are
reduced under starvation and dauer conditions and that inhibi-
tion of ifg-1 can upregulate stress response gene expression
lend support to the idea that ifg-1 plays an important role inmain-
taining cellular homeostasis in response to changing environ-
mental conditions. Inhibition of ifg-1 during development leads
to larval arrest (Pan et al., 2007, Long et al., 2002), and inhibition
during adulthood leads to a decrease in fecundity (Pan et al.,
2007, Hansen et al., 2007). Taken together, findings suggest
that IFG-1 acts as a switch to alter gene expression from growth
and reproduction to somaticmaintenance in response to nutrient
fluctuations in the environment.
The Expression Pattern of Differentially Regulated
Genes Corresponds to mRNA Length
To investigate potential mechanisms behind the coregulation
of differentially translated genes, we analyzed their mRNACell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc. 59
Figure 3. High-Resolution Polysomal Profiles of Individual Stress Response Genes upon ifg-1 Inhibition
Individual expression profiles for stress response genes important for life span are shown for the polysome region after 48 hr of control (gray line) or ifg-1 (black line
highlighted in red) RNAi feeding. The average relative expression ratio between these two conditions (ifg-1 RNAi: control RNAi) and standard error of the mean
(SEM) are shown for three independent experiments. Fractions were standardized according to Coleoptera luciferase control RNA spiking. Gene expression
values for each fraction were then normalized according to the average expression value for that fraction. The ratio of TI values (ifg-1 RNAi to control RNAi
conditions) associated with each gene is listed directly below the gene name, with values greater than one indicating an increase in translation state upon ifg-1
inhibition. Characteristic profiles for worms on control RNAi and ifg-1 RNAi are shown for one experiment to illustrate where relative expression is measured.
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(UTRs), which are known to affect translation efficiency (Sonen-
berg, 1993), we found that the average 30UTR length for transla-
tionally upregulated genes was more than double that of down-
regulated genes or the array average (Figure 5A and Table 1),
while analysis of 30UTRs for conserved motifs, such as AU-rich
elements that are known to regulate translational gene expres-
sion, did not show significant differences between upregulated,
downregulated, or unchanged genes. In addition, there were no
significant changes in the folding energy and only a slight
increase in GC content of the 30UTRs for posttranscriptionally
upregulated genes (Table 1). Although 50UTRs are usually
trans-spliced in C. elegans (Bektesh and Hirsh, 1988), roughly
one third are not (Blumenthal and Steward, 1997). Analysis of
nonsplice-leader 50UTRs showed that, as with the 30UTR, there
was a tendency for greater 50UTR length associated withmRNAs
showing translationally upregulated expression upon ifg-1 inhibi-
tion (Table 1). Examination of ORFs also showed a similar pattern
(Figure 5B). To test this connection further, we looked at the
association of ORF length and TI by plotting the locally weighted
least-squares (Lowess) smooth probability of these parameters
for all genes in the array. ORF length was used instead of
mRNA transcript length because more complete data are60 Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc.available for the coding portion of genes. Starting with genes
having ORFs greater than the array average of about 1256 bases
(approximately 34% of all genes) (Figure 5C), we found a steady
increase in the TI as ORF increases when ifg-1 is suppressed
(Figure 5D, green line, left axis). A similar regression of the p value
for the TI of each gene also varies according to length, with
longer ORFs associated with increased significance (Figure 5D,
blue line, right axis). Results in Table 1 and Figure 5 suggest that
overall transcript length may play a role in mediating the associ-
ation of mRNAs with ribosomes, which can be altered by modu-
lating levels of IFG-1.
To determine whether the relationship between ORF length
and mRNA translation changes were also reflected in the pro-
teome, we utilized quantitative mass spectrometry according
to an iTRAQ multiplexed protein quantitation strategy (Ross
et al., 2004). Proteins from 928 genes were identified and 85 of
the most significantly altered proteins upon ifg-1 inhibition
were analyzed. The average amino acid length for proteins
with increased expression was twice that of those with dimin-
ished expression (Figure 6A and Table S6). Ribosomal proteins,
which are present at high levels and which tend to be smaller
than the average protein, were diminished and contributed to
the smaller average length of proteins whose expression was
A B
C D
Figure 4. Differentially Translated Genes Are Important for Resistance to Starvation Stress, which Diminishes ifg-1 Expression
(A and B) Individual stress response genes upregulated upon ifg-1 inhibition and important for life span were attenuated via RNAi feeding for 48 hr prior to
starvation in the ifg-1 mutant (A) and wild-type N2 backgrounds (B).
(C) The P170 form of IFG-1 required for cap-mediated mRNA circularization was resolved by western blotting after 48 hr of feeding or fasting.
(D) Densitometry results for IFG-1 levels from three biological replicates after 48 hr of fasting or feeding are shown. All experiments were started on the first day of
adulthood. Quantitation of IFG-1 was normalized to b-actin. Results are expressed as mean ± SEM.
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eIF4G, Stress Resistance, and Agingsignificantly reduced. The average length for proteins with low-
ered expression was 356 aa (n = 37). Excluding ribosomal
proteins, the average length for proteins with lowered expression
was 457 aa (n = 22). The average length of proteins with
increased expression was 775 aa (n = 48). Among proteins
with greater relative expression was SCA-1, in agreement with
results from translation profiling experiments. The status of
DAF-21, a member of the Hsp-90 family and among proteins
with decreased concentration, was also in agreement with trans-
lation profiling results. Although translation profiling cannot
account for effects of protein turnover, no examples of contra-
dictory results were found between profiling experiments and
the iTRAQ quantitation. On the other hand, given the bias toward
finding the most abundant proteins in mass spectrometry, it is
not surprising that a number of the genes we identified from
translation state experiments were not observed in the quantita-
tive proteomic experiment. Importantly, measurement of
changes in translation by two methods, polysomal profiling
and quantitative mass spectrometry, both suggest enhanced
mRNA translation of genes with longer ORF length or total
mRNA length when ifg-1 is inhibited.
The link between mRNA length, differential translation, and
biological ontology upon ifg-1 suppression is of interest due to
the potential consequences to cellular homeostasis. We further
examined the link between ORF length and biological function
by partitioning array genes into five groups based onORF length,
such that an equal number of genes was in each group. Over half
of the genes in the ‘‘response to stress’’ GO category were
present among the 20% of array genes with the longest ORFs
(Figure 6B, genome bin 5). Since genes with longer ORFs may
also contain more functional domains, we compared this result
with the average representation of biological categories contain-
ing 100 or more genes across these partitions. While the average
number of genes represented among categories increased withORF length, the representation of stress response genes among
those with the longest ORFs was substantially greater (36.9% for
the average and 62.1% for stress response). Genes in the GO
categories of translation (GO:0006412) and ribonucleotide
biosynthetic process (GO:0009260) were used as proxies to
test whether genes necessary for the most basic functions of
growth and development showed an ORF length tendency.
The greatest number of translation and ribonucleic biosynthetic
process genes were significantly overrepresented among the
20% of array genes with the shortest ORFs (Figure 6B). Together
with UTR analysis in Figure 5 and Table 1, these results suggest
that certain classes of genes involved in growth and reproduc-
tion tend to have smaller message length, while many involved
in stress responses tend to be longer in C. elegans.
DISCUSSION
Williams postulated the existence of antagonistic pleiotropic
genes that endow benefits early in life at the cost of deleterious
effects later to explain the evolution of senescence (Williams,
1957). In support of this idea, two studies inC. elegans previously
identified a number of genes essential during development that
could extend life span when inhibited during adult life (Curran
and Ruvkun, 2007, Chen et al., 2007). IFG-1 is essential in
C. elegans, as its inhibition during development leads to growth
arrest (Long et al., 2002), while inhibition in adulthood extends life
span (Hansen et al., 2007, Pan et al., 2007, Curran and Ruvkun,
2007, Henderson et al., 2006). Our experiments support the
notion that changes in IFG-1 activity may have evolved to deter-
mine life span by antagonistically modulating growth and
somatic maintenance functions. It is likely that regulating
eIF4G levels serves as a mechanism to modulate the rate of
protein synthesis in response to environmental cues. In
S. cerevisiae, eIF4G degradation is observed when yeast cellsCell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc. 61
Figure 5. UTR and ORF Length Is Associated with Altered Ribosomal Loading upon Suppression of ifg-1
(A) Comparison of average 30UTR length between translationally upregulated and downregulated genes. Results are expressed as mean ± SEM. ‘‘Array’’ for the
blue bar indicates all genes on the microarray.
(B) Comparison of average ORF length between translationally upregulated and downregulated genes. Results are expressed as mean ± SEM.
(C) Histogram indicating the number of genes with the ORF length indicated. The bracketed area shows that, starting from average ORF length for all genes on the
microarray, 34% of genes are subject to differential posttranscriptional regulation based on ORF length.
(D) Lowess smooth plot of the ratio of TI (ifg-1 RNAi: control RNAi) and p value versus ORF length for the entire array.
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observed a decrease in ifg-1 expression during the stress-resis-
tant/growth-arrested dauer state in C. elegans (Pan et al., 2007).
Here we demonstrate that starvation also reduces the level of
IFG-1 in C. elegans. Inhibition of cap-dependent translation by
decreasing eIF4G may therefore be a conserved response that
enhances survival under these conditions.
To study the mechanisms by which IFG-1 inhibition extends
life span and increases resistance to starvation, genome-wide
analysis of the translation state was used to measure changes
in mRNA translation. Differential mRNA translation has beenTable 1. Characteristics of Genes that Show Altered Ribosomal Bin
Increased TI De
Average n SEM Av
50UTR lengtha 79.8 238 ±23.994 36
50UTR fractional GC content 0.415c 238 ±0.012 0.
50UTR DG (kcal/mol) 5.31c 163 ±0.454 
30UTR length 339.6c 299 ±15.791 14
30UTR fractional GC content 0.32c 299 ±0.004 0.
30UTR DG (kcal/mol) 4.01 295 ±0.212 
a Length in nucleotides. 50UTR is often transspliced and sequence informat
b p < 0.01 in a two-tailed t test compared with the array average.
c p < 0.001 in a two-tailed t test compared with the array average.
62 Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc.shown to play an important role in coping with starvation and
heat stress (McColl et al., 2010, Joshi-Barve et al., 1992, Sonen-
berg and Hinnebusch, 2009, Sonenberg et al., 2000), and our
study showed that a number of genes involved in stress
responses and aging are differentially translated when IFG-1 is
reduced. Certain genes whose translation was preferentially
maintained also played a key role in mediating life span exten-
sion upon inhibition of ifg-1. Furthermore, the role of these genes
was mostly specific to life span extension via ifg-1 inhibition
compared to other long-lived mutants. Results are consistent
with previous observations demonstrating that ifg-1 inhibitionding upon Inhibition of ifg-1
creased TI Array Average TI
erage n SEM Average n SEM
b 180 ±4.056 49.6 8417 ±1.170
334 180 ±0.015 0.364 8417 ±0.002
2.52 111 ±0.430 1.73 5908 ±0.034
9.1c 208 ±10.960 187 9667 ±1.963
277 208 ±0.007 0.289 9667 ±0.001
3.48 204 ±0.191 3.77 9449 ±0.035
ion is often truncated (Wormbase release 180).
A B Figure 6. Biochemical and Bioinformatics
Analyses Point to Differential Changes in
Protein Expression According to Message
Length When ifg-1 Is Attenuated
(A) Results of quantitative mass spectrometry of
protein lysates comparing adult nematodes fed on
control RNAi with ifg-1RNAi for 2 days. Results are
expressed as mean ± SEM of changes in aa
(amino acid) length of genes that were increased
or decreased upon ifg-1 inhibition.
(B) Bioinformatic analysis of the relationship
between ORF length and GO categories. Genes
were separated on the basis of ORF length (bases)
into five bins containing an equal number of genes. The ORF lengths for bins 1–5 are 0–522, 523–873, 874–1101, 1102–1587 and 1588–39300, respectively. From
each bin, the total number of those corresponding to ‘‘Biological process’’ GO categories of stress response, translation, and ribonucleotide biosynthesis were
compared with the average representation for all GO categories containing more than 100 genes (220 categories total).
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known life span models (Pan et al., 2007). Although a complete
dependence on the ILS signaling pathway was observed in
another study (Hansen et al., 2007), we suggest that this may
be a result of differences in the level of inhibition of ifg-1 via RNAi.
The specificity of the stress response genes tested here for life
span mediated by ifg-1 inhibition, compared with other longevity
mutant models, was especially notable for sca-1, which was
essential for life span in the ifg-1 background. Due to its intracel-
lular localization, results point to a role for the endoplasmic retic-
ulum (ER) in extended life span when ifg-1 expression is
inhibited. The connection between ER function and attenuation
of translation through ifg-1 inhibition may be explained, in part,
by a study that showed translation is compartmentalized to the
ER during physiological inhibition of cap-dependent translation
initiation (Lerner and Nicchitta, 2006). Usually ribosomes are
released from the ER upon translation termination, but when
cap-dependent translation was reduced through cleavage of
eIF4G/IFG-1 and PABP by Coxsackie B virus in a human cell
line, translation in the ER was maintained to a greater extent
than in the cytosol, and ribosomes tended to stay associated
with the ER. These results suggest the importance of calcium
homeostasis via SCA-1 in the ER for extended life span when
ifg-1 is inhibited. Alternatively, SCA-1 may be serving an addi-
tional and, as yet, unknown role in the ER with respect to life
span extension via ifg-1 inhibition.
Attenuated expression of ifg-1 reduced ribosomal loading of
short mRNAs to a greater extent than that of long mRNAs. This
results in a relative increase in translational efficiency of longer
mRNA, but this effect, though large in scale, does not discount
effects on translation due to differences in undefined cis-regula-
tory elements. The changes in translation efficiency due to tran-
script length are modest and happen in a background of strongly
repressed overall translation. However, the number of genes
important for responding to stress and enhancing longevity
suggests large scale remodeling of posttranscriptional gene
expression that would likely affect the proteome, shifting the
balance toward increased somatic maintenance. In support of
this idea, quantitative mass spectrometry showed increased
abundance of proteins with longer primary structure compared
with shorter ones. It is important to note that TSAA and proteo-
mic studies are likely to identify different genes due to inherent
bias in the twomethods. The TSAAmethod ismore likely to iden-tify less abundant mRNAs that undergo a shift in ribosomal
loading, while the mass spectrometry methods are likely to
detect more abundant proteins that are altered. Interestingly,
genome-wide bioinformatics analysis of ORF length and gene
function suggest that stress response genes tend to possess
longer ORFs, while genes involved in positively regulating growth
possess smaller ORFs. Our data support the idea that IFG-1
mediates a switch between growth and somatic maintenance,
in part, by regulating mRNA translation based on ORF length. It
is not obvious why stress response genes would possess longer
ORFs. However, the evolutionary process of gene length exten-
sion is recognized as being of fundamental importance to the
complexity of gene function and to the creation of new genes
(Long et al., 2003). It has been proposed that natural selection
favors shorter genetic coding sequence length for higher tran-
scriptional efficiency, efficient protein synthesis, and the avoid-
ance of deleterious mutation accumulation. However, imparting
new or improved functions to a protein usually requires elon-
gating its coding sequence (Zhang, 2000, Akashi, 2003, Claverie
and Ogata, 2003). We speculate that longer genes in eukaryotes
are important for responding to changing environmental condi-
tions and evolved later in time than those necessary for the
most basic functions of growth and reproduction. Given studies
showing a high level of conservation of protein sequence length
among orthologs in disparate forms of life, it is likely that our
observations are relevant for understanding mechanisms of
antagonistic pleiotropy across species.
EXPERIMENTAL PROCEDURES
Nematode Culture and Strains
C. elegans strains were cultured and synchronized as previously described
(Chen et al., 2007, Chen et al., 2009). Strains included wild-type N2,
ifg-1(cxTi9279), daf-16(mu86), aak-2(ok524), rsks-1(ok1255), eat-2(ad1116),
isp-1(qm150), and daf-2(e1370). All strains were outcrossed six or more times
and kept at 20C. An expanded description is provided in Supplemental
Experimental Procedures.
RNAi Experiments
RNAi bacteria strains were cultured and utilized as previously described (Ka-
math et al., 2001). Nematodes at the L4 stage of development were transferred
to plates containing 50 mg/ml 5-fluoro-20-deoxyuridine (FUdR) to equilibrate
development and inhibit egg production. After 24 hr, nematodes were trans-
ferred to RNAi bacterial plates (spotted the day before and kept at 20C) as
day-one adults in the presence of 1 mM isopropyl b-D-thiogalactopyranosideCell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc. 63
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eIF4G, Stress Resistance, and Aging(IPTG), 25 mg/ml carbenicillin, and 50 mg/ml FUdR. All steps were carried out
at 20C.
Polysomal (Translation) Profiling
Worms at day three of adulthood were used to generate polysomal profiles.
Reagents and processing were as previously described (Pan et al., 2007)
(See expanded description in Supplemental Experimental Procedures).
RNA Extraction for Array and RT-PCR Analysis
TRIzol LS Reagent (Invitrogen Corp., Carlsbad, CA) was used to extract RNA
from liquid fractions according to the manufacturer’s protocol. QuantiTect
Reverse Transcription Kit (QIAGEN) was used for first-strand cDNA synthesis.
Quantitative PCRwas carried out using the Universal ProbeLibrary Set (Roche)
and the LightCycler 480 II (Roche). Relative-fold changes for all qRT-PCR
experiments performedwere calculated using the 2-DDCtmethod. Expression
was standardized by spiking TRIzol with 20ng/ml Coleoptera luciferase control
RNA (Promega). A more detailed description is available in the Supplemental
Experimental Procedures.
Microarrays and Data Processing
Oligo-based whole genome chips were purchased from Washington Univer-
sity (http://genome.wustl.edu/projects/celegans/microarray/index.php) and
hybridized by the Buck Institute Genomics core. Benjamini and Hochberg’s
method of FDR was used to determine adjusted q values (<0.05) based on
four biological replicates. Detailed equations for data processing are available
in the Supplemental Experimental Procedures.
Bioinformatics Analysis of Differentially Translated Genes
GO analysis was performed using the GoToolBox and the GoMiner High
Throughput (Zeeberg et al., 2005) web interface. Free folding energy was
calculated using DINAMelt (Markham and Zuker, 2005). UTRs were analyzed
for known RNA structures using RNA Analyzer (Bengert and Dandekar, 2003).
Life Span Analysis
Life span analyses were performed as previously described (Chen et al., 2009),
using RNAi conditions noted in RNAi Experiments, above. Statistical analyses
were performed using the Prism 4 software (GraphPad Software, Inc.). Kaplan-
Meier survival curves were plotted for each life span and compared using the
log rank test.
Starvation Stress Resistance
Adult worms were fed using the aforementioned RNAi treatments for 3 days.
Worms used in the starvation experiments were suspended in 15 ml of sterile
S basal and washed six times, allowing them to settle via sedimentation
between each wash. Starvation conditions were created by placing washed
worms on unspotted fresh NGM media plates made without peptone.
Western Blotting
Sample lysates were prepared in the same manner as those for polysomal
profiling. SDS-PAGE and blotting were carried out using standard methods.
Blots were probed with rabbit polyclonal anti-IFG-1 antibody (a kind gift
from Brett Keiper) (Contreras et al., 2008) or rabbit polyclonal anti-b-actin anti-
bodies (Cell Signaling). See additional description in Supplemental Experi-
mental Procedures.
Liquid Chromatography and Mass Spectrometry
Samples analyzed consisted of 50 mg of worm protein lysate in 0.2% SDS and
1.0% Triton X-100 from each of four biological replicates of worms on control
or ifg-1 RNAi. Trypsin-digested samples were labeled with iTRAQ 8-plex
reagents according to the manufacturer’s guidelines (Applied Biosystems).
Results were processed using ProteinPilot software 3.0 (Applied Biosystems)
with background correction and bias correction employed. Peptides of confi-
dence greater than 50% were used for protein quantification. A 95% confi-
dence (unused prot score > 1.3) threshold for protein identification established
by ProteinPilot 3.0 was the criteria for inclusion into the final protein report.
More detailed description of this protocol is available at the end of the Supple-
mental Experimental Procedures.64 Cell Metabolism 14, 55–66, July 6, 2011 ª2011 Elsevier Inc.ACCESSION NUMBERS
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